Two strains of Alexandrium minutum were exposed to waterborne cues from copepod grazers in factorial combinations of nitrate and phosphate concentrations to evaluate the importance of grazer-induced paralytic shellfish toxin (PST) production under different nutrient regimes. In nitrate-rich treatments, the presence of waterborne cues from grazers resulted in significantly increased cell-specific PST content. In low nitrate treatments, however, waterborne cues from grazers did not result in any detectable increase in cell-specific PST content. The grazer-induced increase in cell-specific PST content in nitrate-rich treatments was comparable in size to the effects of nitrate in the absence of grazers. Effects of phosphate limitation were less consistent, resulting in increased PST content in nitrate-rich treatments in one of the A. minutum strains, but had no significant effect in the other. The ability of dinoflagellates to sense and respond to the presence of grazers by increased PST production may be one of the most important factors affecting cell-specific PST content under nitrogen replete conditions.
Paralytic shellfish toxins (PSTs) are a group of highly potent neurotoxic alkaloids. In the marine environment, PSTs are produced by the dinoflagellates Gymnodinium catenatum (Mee et al. 1986 ), Pyrodinium bahamense (Harada et al. 1982) , and several species of the genus Alexandrium (Hansen et al. 2003) . Alexandrium spp. are important global producers of PSTs and are routinely monitored to provide early warnings of PST contamination of shellfish. The cell-specific PST content in Alexandrium spp. is, however, highly variable and may differ from not detectable up to a few percent of the dry weight, both among and within species (John and Flynn 2002) . Moreover, the amount of PSTs produced by a single toxic isolate may differ by an order of magnitude depending on the environmental factors it experiences (Anderson et al. 1990 ). Contrary to the total cell specific toxicity, the relative composition of different toxins, or toxin profile, is more stable with time (e.g., Franco et al. 1994) . Several studies have shown that PST production is decreased under nitrogen-limited conditions (e.g., Leong et al. 2004 ). Phosphate seems to have an opposite effect to that of nitrogen, as phosphate-limited conditions generally result in high cell-specific PST content (John and Flynn 2002) . Other abiotic environmental factors that affect cell-specific toxicity include irradiance (Lim et al. 2006) , temperature (Anderson et al. 1990 ), salinity (Grzebyk et al. 2003) , and shear stress (Juhl et al. 2001) . In general, growth-limiting conditions caused by factors other than nitrogen depletion or low irradiance seem to result in higher cell-specific toxicity of Alexandrium spp.
In a recent study, it was shown that the cell-specific PST content can also be affected by an increased risk of predation (Selander et al. 2006) . In an experiment where Alexandrium minutum was exposed to waterborne cues from the copepod grazer Acartia tonsa, cell-specific PST content increased significantly compared to controls that did not receive waterborne cues from grazers. The presence of grazer-induced toxin production in A. minutum indicates that not only resource availability and physical stress, but also biological interactions, may be important in determining the toxicity of Alexandrium spp. A grazerinduced increase in production of toxic metabolites is a widespread phenomenon in primary producers (Karban and Baldwin 1997; Toth and Pavia 2007) . In vascular plants, as well as in seaweeds, the allocation of resources to defensive metabolites is interactively affected by abiotic and biotic factors (Karban and Baldwin 1997; Svensson et al. 2007) . It is reasonable to expect that toxin production in marine phytoplankton will show similar patterns in resource allocation. The relative importance of grazerinduced toxin production in A. minutum and the possible interactive effects of grazing and other extrinsic factors on toxin production are, however, still unknown. So far, grazer-induced toxin production has only been shown in one strain of A. minutum under nutrient replete conditions (Selander et al. 2006) . Here, we present results from a factorial experiment where both nitrate and phosphate availability were manipulated, in the presence as well as absence of waterborne cues from copepod grazers, to elucidate the possible interactive effects of these factors on the cell-specific PST content of two different A. minutum strains. More specifically, we hypothesized that grazerinduced PST production would be higher under nitrate replete compared to nitrate limited conditions, but lower under phosphate replete compared to phosphate limited conditions.
Material and methods
Organisms-Two different strains of A. minutum were used for the PST induction experiment. A. minutum 83, synonymous with CCMP113, Al, and AL1V, isolated from Ria de Vigo on the northwest coast of Spain, was obtained from the Gö teborg University Algal Culture Collection (GUMACC). A. minutum CNR AMI A5 (hereafter referred to as A. minutum A5), isolated from the Mediterranean Sea near Sicily, was provided by Dr. Maria-Grazia Giacobbe (Institute for Coastal Marine Environment, Messina, Italy). A. minutum 83 cells were slightly larger (equivalent spherical diameter [ESD] 19.9 6 1.7 mm mean 6 SD) than A. minutum A5 cells (ESD 16.2 6 2.3 mm). Cultures were reared on K medium (Leftley et al. 1987 ) at 150 mmol m 22 s 21 fluorescent light (14 : 10 light : dark [LD] cycles), 18uC, and reinoculated every second week.
The calanoid copepod Acartia tonsa, previously shown to induce PST production in A. minutum (Selander et al. 2006) , was used as the grazer in the induction experiments. The A. tonsa culture was originally provided by the National Environmental Research Institute (NERI) in Denmark.
Nutrient treatment-To be able to manipulate the nutrient concentration, we carried out the experiments in low nutrient filtered seawater (LNSW) collected in the offshore northeast Atlantic Ocean (Ocean Scientific International Ltd). To reduce nutrient carryover, the A. minutum cultures were washed by reducing the culture volume (.50%) through a 10-mm plankton mesh and replacing it with LNSW. The procedure was repeated six times. The washed cultures were diluted with LNSW to a final concentration of 3,800 cells mL 21 and 4,300 cells mL 21 in A. minutum 83 and A5, respectively, determined with a particle counter (Elzone 180 XY). Each of the A. minutum cultures were divided between four bottles and supplemented with nitrate and phosphate corresponding to the following four nutrient regimes: Low nitrate (0.5 mmol L 21 ) and low phosphate (0.03 mmol L 21 ), nitrate to phosphate ratio (N : P) 5 16; low nitrate (0.5 mmol L 21 ) and high phosphate (6.3 mmol L 21 ) N : P , 0.1; high nitrate (100 mmol L 21 ) and low phosphate (0.03 mmol L 21 ) N : P . 3,000; and high nitrate (100 mmol L 21 ) and high phosphate (6.3 mmol L 21 ) N : P 5 16. All experiments received trace metals and vitamins corresponding to K medium (Leftley et al. 1987 ) diluted ten times. The high nutrient treatment corresponds to the upper extreme of naturally occurring nutrient concentrations, but is below the levels that cause experimental artifacts (John and Flynn 2002) . To account for any nutrient carryover from cultures, start samples were taken from each treatment, filtered, and stored frozen until analysis.
Waterborne cues from grazers-Each of the four nutrient regimes with the same concentration of A. minutum cells was divided between eight identical experimental beakers, each containing a cage made from polypropylene tubes with a heat-sealed nylon-mesh bottom (mesh size 10 mm). The beakers received 70 mL of the culture, and the cage received 30 mL. Two copepods (adult female A. tonsa) were added to half of the cages (i.e., n 5 4). With the experimental setup used, A. minutum cells kept outside the cages received waterborne cues from the contents inside the cages (Selander et al. 2006) , whereas both copepods and dinoflagellates were restricted to their original compartment by the mesh in the bottom of the cages.
All flasks were then incubated in a light-and temperature-controlled incubator at 150 mmol m 22 s 21 fluorescent light (14 : 10 LD cycles) at 18uC. The experiment with A. minutum A5 was terminated after 3 days, and the experiment with A. minutum 83 terminated after 5 days. At the termination of the experiments, cages were removed from the glass bottles and the content of each compartment (outside and inside the cages) was transferred through careful rinsing with filtered seawater to clean beakers. The volume and algal cell concentration of the sample were determined, and the number of cells in each compartment was calculated. The number of cells in each compartment was divided by the original volume of the compartment (70-mL outside cages, and 30-mL inside cages) to get cell abundance in cells mL 21 . Five milliliters of each sample from outside the cages (i.e., the cultures receiving waterborne cues) were removed, filtered (0.45 mm), and frozen for analysis of dissolved inorganic nutrients (see Chemical analyses section). A known number of cells was filtered onto 25-mm glass fiber filters (GF/A) for toxin analysis. Filters were lyophilized and stored at 280uC until toxin extraction was performed (see Chemical analyses section).
Analysis-Chemical analyses:
The concentration of ammonium, nitrate, and phosphate was quantified with a continuous-flow automated system (TRAACS 800, BranLuebbe) according to standard colorimetric procedures (Strickland and Parsons 1972) . PST samples were extracted with 1.5 mL 0.05 mol L 21 acetic acid (aq) through four consecutive freeze-thaw cycles. The extract was filtered (GF/A) and frozen (280uC) in glass vials until analysis with high-performance liquid chromatography (HPLC) with fluorescence detection (Asp et al. 2004) . HPLC analyses were done on a Hitachi-7000 system equipped with a RP8 Column (Supelco Discovery C8, 5 mm, 150 mm, inner 5 4.6 mm). PST standards (saxitoxin, decarbamoylsaxitoxin, neosaxitoxin, and gonyautoxin [GTX] 1-4) were obtained from the certified reference material program of the National Research Council Canada, Halifax, Canada. A. minutum 83 is only known to produce GTX 1-4 (Selander et al. 2006) . To exclude the possible presence of Nsulfocarbamoyl toxins (C-toxins), a subset of the toxin samples was hydrolyzed and analyzed for changes in corresponding carbamate toxin concentrations. Because only GTX 1-4 were detected, an isocratic elution with 50 mmol L 21 ammonium-phosphate buffer (pH 7.1) and 2 mmol L 21 sodiumheptanesulfonate at 0.8 mL min 21 was used to separate the toxins. After the separation, toxins were oxidized with 7 mmol L 21 periodic acid in 50 mmol L 21 sodium phosphate buffer (pH 9.0, 0.4 mL min 21 ) in a polyetheretherketone (PEEK) capillary (10 m, inner 0.25 mm, 80uC). The oxidation was terminated with 0.5 mol L 21 acetic acid (0.4 mL min 21 ) before fluorescent detection at l ex 5 330 nm, l em 5 390 nm.
Statistical analysis: The effect of phosphate, nitrate, and waterborne cues from grazers on cell-specific toxin content and cell abundance at the end of the experiments was tested with a three-factor analysis of variance (ANOVA) (Underwood 1997). A Student Neuman Keul (SNK) post hoc procedure was conducted to detect significant differences between means. Cochran's C test was performed on all data before analysis. Heterogeneous variances (p , 0.01) were detected only in cell abundance data from the outside cage compartment for experiments with A. minutum A5 (Cochran's C 5 0.61, C crit 8,3 5 0.52). ANOVA performed on cell abundance data from A. minutum A5, however, did not produce any significant differences between treatments; hence, the risk for making type 1 errors was not increased and data were not transformed before analysis (Underwood 1997).
Results
Nutrients-Dissolved inorganic nutrients at the end of the experiment (Table 1) reflected the initial treatments, with higher nitrate levels in nitrate-enriched treatments and higher phosphate concentrations in phosphate-enriched treatments. Substantially more nitrate remained in nitrateenriched treatments in the shorter experiment with A. minutum A5 as compared to the experiment with A. minutum 83. On the contrary, phosphate enrichment was more marked at the end of the longer experiment with A. minutum 83 (Table 1) . Despite the fact that copepods are partly ammonotelic (Miller and Glibert 1998) , the ammonium concentration was not significantly higher in grazed treatments.
Cell abundance-In the experiment with A. minutum A5, the different treatments did not result in significantly different growth rates outside cages (Table 2 ; Fig. 1 ). In the experiment with A. minutum 83, however, there was an interaction between the factors phosphate and nitrate (ANOVA F 1,24 5 34.5, p , 0.001). Post hoc comparisons of means revealed that all combinations of nitrate and phosphate resulted in significantly (SNK p , 0.05) different cell abundance at the end of the experiment. Most cells formed in the combined nitrate and phosphate enrichment, followed by the nitrate enrichment, controls and finally phosphate enrichment treatment which produced the lowest cell abundance. The presence of copepods did not have any significant effect on the growth rate of A. minutum outside cages (Table 2 ). The significant effects of nutrient treatments on growth rate in A. minutum 83 indicate that nutrient limitation was more pronounced for this strain compared to A. minutum A5.
Inside the cages, cell abundance was generally lower in cages that contained copepod grazers (Table 2, Fig. 1 ). In the experiment with A. minutum 83, however, copepod grazers only had a significant negative effect on cell abundance in cages from high nitrate treatments (SNK p , 0.05), whereas the cell abundance was not significantly different in low nitrate treatments with or without copepods (SNK p , 0.71; Fig. 1 ). Thus, grazing was more extensive in the nitrate-rich treatments in the experiment with A. minutum 83. In contrast, there were no detectable interactive effects between the presence of grazers and nutrient regime on cell abundance in A. minutum A5; instead, grazing had a general negative effect on cell abundance (Table 2 ; Fig. 1 ) in this experiment. Cell-specific toxicity-The most obvious results on cellspecific toxicity for both A. minutum strains were the 5-15 times higher cell-specific PST content under nitrate replete compared to nitrate limited conditions and the strong PSTenhancing effects of waterborne grazer cues under nitrate replete conditions (Fig. 2) . ANOVA analysis, however, revealed a significant three-way interactive effect between nitrate, phosphate, and waterborne cues from grazers in the experiment with A. minutum 83 and a significant interactive effect between nitrate and waterborne cues from grazers in the experiment with A. minutum A5 (Table 3) . Post hoc comparisons of means showed that in addition to the significantly higher cell-specific PST content in nitrate-rich treatments as compared to nitrate-depleted treatments in both experiments (p , 0.05), waterborne cues from grazers consistently induced significantly increased cell-specific PST content in nitrate-rich treatments (p , 0.05), but not in nitrate-depleted treatments in any of the strains (A. minutum 83 p 5 0.93, A. minutum A5 p 5 0.85). Phosphate limitation further increased the cell-specific toxin content in nitrate-rich treatments in the experiment with A. minutum 83 (p , 0.05), but had no significant effect on toxicity in the experiment with A. minutum A5 (Table 3 ). The toxin profile was similar in both experiments and was dominated (.94%) by GTX 4 in all treatments. Small amounts (,6%) of GTX 1 were present in all samples, whereas GTX 2 and 3 contributed a minor part (,1%) of the total toxin content.
Discussion
The present study demonstrates strong interactive effects of nitrate availability and waterborne cues from grazers on the cell-specific toxicity of A. minutum and implies that the magnitude of grazer-induced PST production in A. minutum is directly proportional to the degree of nitrogen availability. Waterborne cues from grazers resulted in a significant and substantial increase in cell-specific PST content in the high, but not in the low, nitrate treatments in both A. minutum strains tested (83 and A5). Nitrogen availability has repeatedly been shown to be one of the most significant extrinsic factors affecting the cell-specific PST content of Alexandrium spp. For example, some earlier studies report that low nitrogen availability results in a low cell-specific PST content in Alexandrium fundyense (John and Flynn 2000) as well as Alexandrium tamarense (Leong et al. 2004) , whereas nitrate addition increases PST production in nitrate deprived A. minutum (Flynn et al. 1994) . The results of this study support the notion that nitrogen availability is a crucial factor for PST production rate in dinoflagellates, and further suggests that waterborne cues from grazers can be as important as nitrogen availability in determining the cell-specific toxicity of A. minutum. Because A. tamarense cells cultured with ammonium have been reported to produce significantly more PST than A. tamarense cultured with nitrate (Leong et al. 2004) , the ammonium exudates from copepods could potentially explain the difference in increased toxicity in copepod treatments. This is, however, not supported by nutrient data, which showed no elevated ammonium concentrations in copepod treatments (Table 1) .
The effects of phosphate were less consistent in comparison to the effects of nitrate availability on PST levels. The inverse relationship between cell-specific toxicity and phosphate concentration previously reported for A. minutum (Guisande et al. 2002; Frangopulos et al. 2004) , A. tamarense (Taroncher-Oldenburg et al. 1999) , and A. fundyense (Anderson et al. 1990) , was confirmed in the experiments with A. minutum 83, but not with A. minutum A5. It should, however, be noted that phosphate limitation was more pronounced in the somewhat longer experiment with A. minutum 83, as indicated by the decreased growth rate and phosphate concentration at the end of the experiment. Taroncher-Oldenburg and coworkers (1999) showed that PST toxins are formed in the G1 phase of the cell cycle, and they attributed increased cell-specific PST content in phosphate-and temperature-limited conditions to the prolonged G1 phase. In this study, the prolonged G1 phase was probably only present in the experiment with A. minutum 83, where phosphate limitation resulted in decreased growth. This may explain the different effect of phosphate availability on toxin concentration in A. minutum 83 as compared to A5. The lack of growth reduction that was observed with A. minutum A5 despite the low phosphate concentration indicates that the affinity constant for phosphate uptake may be lower than the 1.16 mol L 21 previously suggested for A. minutum (Frangopulos et al. 2004 ). The cellular content of C : N : P was, however, not measured, and it is therefore possible that the phosphate exhaustion of the medium had not yet resulted in a corresponding depletion of cellular nutrient content. Two influential models that have been proposed to explain and predict spatial and temporal variation in the concentration of secondary metabolites in terrestrial plants are the carbon nutrient balance model (CNBM) and the optimal defense model (ODM), (see Stamp 2003) . The CNBM is a resource-or supply-based model stating that allocation of resources to the production of secondary metabolites is determined by the relative availability of carbon and nutrients (Bryant et al. 1983) . In contrast to the CNBM, the ODM and its corollary induced defense model (IDM) are demand-based models, which state that the amount of resources invested in defense metabolites will be directly proportional to the probability of attack (Rhoades 1979 ). These models have been explicitly addressed in several studies on marine macroalgae (Cronin and Hay 1996; Pavia et al. 2002; Toth et al. 2005 ), but only rarely tested or discussed in experiments on marine microalgae or toxic algal blooms. The strong correlation between nitrogen availability and cell-specific PST content observed in this study is in accordance with what would be predicted for nitrogen-rich secondary metabolites by CNBM (Bryant et al. 1983) . PSTs are alkaloids that are rich in nitrogen (C : N < 1.4) compared to the average C : N ratio of marine phytoplankton (6.6) (Redfield 1958) . Thus, it is reasonable to assume that nitrogen rather than carbon is limiting for production of PSTs in A. minutum. Furthermore, the rapid and substantial increase in PST levels of both A. minutum strains in response to waterborne grazer cues suggests that the secondary metabolism of dinoflagellates is not only dependent on resource availability, as predicted by the CNBM, but also on the risk of predation. Therefore, the results of the present study suggest that both the ODM and the CNBM are relevant, in an interactive manner, to explain phenotypic variation in the PST content of A. minutum cells.
Two important assumptions behind the ODM are that secondary metabolites function as chemical defenses and that their production is costly in terms of producer fitness (Rhoades 1979) . A common and potentially useful method to assess the costs of defenses is to correlate the levels of defensive traits with a fitness estimate, commonly growth rate (Karban and Baldwin 1997) . In this study, the growth rate of the more toxic A. minutum cells outside cages with grazing copepods was not significantly reduced compared to A. minutum cells not induced by copepods (Fig. 1) , which is in agreement with previous attempts to evaluate the cost of PST formation (John and Flynn 2002) . This result suggests that the cost inflicted by grazer-induced toxin production in A. minutum is low, at least in terms of growth rate under the experimental nutrient regimes. The costs of inducible defenses are, however, not necessarily reflected in decreased growth rate in short-term laboratory experiments (Tollrian and Harvell 1999) . Furthermore, the expression of defensive traits may be associated with other costs, e.g., ecological costs arising from conflicting selective pressures, than direct resource allocation costs that are reflected in decreased growth. For example, the freshwater protozoan genus Scenedesmus spp. forms colonies in response to waterborne cues from grazers (Hessen and Van Donk 1993) , and the colonies appear to be protected from grazing by their larger size (Lurling and Van Donk 1996) . No direct cost in terms of decreased growth was found to be associated with colony formation in laboratory batch cultures, but colonies had higher settling velocities compared to single cells, and the higher settling velocity was suggested to inflict a cost in nature because colonies will sink faster to deeper water and thereby experience lower irradiance and temperature as compared to that of single cells (Lurling and Van Donk 2000) . In a similar way, it is possible that the grazer-induced increased production of PST in A. minutum is associated with more subtle costs that are not detectable in laboratory batch cultures.
There was an overall negative effect of grazer presence on the number of A. minutum A5 cells inside the cages, indicating that the copepods were feeding on this strain irrespective of the nutrient regime under which it was grown. Furthermore, there was a significant negative effect of grazer presence on the number of A. minutum strain 83 in the high nitrate treatments. Assuming that PST production was induced also in the A. minutum cells directly grazed by copepods inside the cages, no significant negative correlation between PST content and grazing was found. This is contrary to what the hypothesized role of PSTs as an inducible defense would predict. However, the grazing experiment in the present study was conducted as a nochoice experiment (i.e., the grazers were only offered one type of food), which does not provide relevant data on the feeding preferences of grazers. In more natural experiments, where grazers were offered alternative prey, copepods tended to discriminate against PST containing prey (Teegarden 1999; Guisande et al. 2002; Selander et al. 2006 ; but see Colin and Dam 2003) . The low grazing rates in nitrate-limited treatments could potentially explain the absence of induction in these treatments. However, in a previous study it was shown that scents from both feeding and starving copepods induce PST formation in A. minutum (Selander et al. 2006) , and it is therefore not likely that the different ingestion rates contributed significantly to the outcome of the present experiment. Guisande and co-workers (2002) suggested that PSTs may be produced in phosphate-limited conditions in order to redirect the grazing pressure toward alternative non-toxic competitors, compensating PST-producing species for being poor competitors for available phosphate. The current investigation shows that this mechanism, if operational, is not necessarily restricted to phosphatelimited conditions. If resistance to grazers is correlated to cell-specific PST content in A. minutum, the level of defense is probably more dependent on the concentration of available nitrogen and the presence of selective grazers (Teegarden et al. 2001) . It should, however, be pointed out that the putative grazer deterrent role of PSTs has not been unequivocally tied to the PSTs. Other traits of dinoflagellate cells, which correlate to the PST content, could potentially confound results of feeding experiments (Selander et al. 2006) .
In summary, we have shown that both nitrate and waterborne cues from grazing copepods increase the cellspecific PST content of A. minutum and that there is a strong interactive effect of these factors on toxin production. Consequently, grazer-induced PST production will be most significant when A. minutum with high intrinsic capacity for toxin production grow in a nitrate-rich environment, whereas the effect of waterborne cues from grazers on cellspecific toxicity will probably be small or absent in nitrogenlimited environments. The presence of strong grazer-induced PST production in both A. minutum 83 and A. minutum A5, together with previous data on the deterrent effect of PST containing food (Teegarden 2001; Guisande 2002; Selander et al. 2006) , indicate that these toxins can function as an inducible chemical defense against grazing. Based on the existing information from laboratory experiments, it is reasonable to hypothesize that grazer-induced PST production can contribute to the formation of harmful algal blooms by redirecting grazing pressure to less toxic species under nitrogen replete conditions, although this remains to be tested under natural conditions.
